Introduction 44 Recent evidence suggests that progress in global malaria control has stalled, with an estimated 2 million 45 more malaria cases in 2017 than in 2016, and an increase in malaria incidence in the region of the 46 Americas (1). This stall in progress overlaps with increasing reports of insecticide resistance (1, 2) , 47 which poses a growing challenge to malaria vector control programs (3). The mechanisms underlying 48 insecticide resistance in malaria vectors in the Americas remain poorly characterized, despite intensified 49 vector control efforts stemming from regional malaria elimination programs (4). 50 Four main mechanisms of insecticide resistance have been described in mosquitoes (5): cuticular 51 modifications, insecticide target site insensitivity, heightened insecticide detoxification and behavioral 52 avoidance of insecticides. While these aforementioned mechanisms have been described in malaria 53 vectors across multiple geographical regions (5), there remain significant gaps in our understanding of 54 the mechanisms of insecticide resistance and resistance intensity in mosquito populations. However, 55 increasing access to advanced genomic tools has made it easier to investigate other aspects of mosquito 56 biology, such as their microbiota, that may be associated with insecticide resistance. 57 Mosquitoes, like other living organisms, are hosts to a variety of microbes that are principally acquired 58 from their breeding habitats during immature development, and from adult food sources (6). In addition 59 to habitat and/or food source-acquired microbes, transstadial bacterial transmission from adult females 60 to their eggs (7), across immature stages (8) and unto the adult stage (7) have also been demonstrated in 61 mosquitoes. These microbes, some of which are known to metabolize insecticides (9-11), actively shape 62 their host physiology (6, 12) . We postulated that the mosquito microbiota may thus contribute to 63 insecticide detoxification, consequently augmenting resistance in the host; a phenomenon that has 64 previously been demonstrated in agricultural pests (13), but only now being investigated in disease 65 vectors (10, 14) . We previously studied the microbiota of field-caught Peruvian Anopheles albimanus 66 (10) and detected significant differences in the composition and putative functions of bacteria between 67 fenitrothion-resistant and -susceptible mosquitoes. These results provided a comprehensive baseline 68 regarding the bacterial composition of An. albimanus in relation to insecticide resistance, and suggested 69 that the mosquito microbiota could be impacted by insecticides, and/or contributing to insecticide 70 resistance. 71 Malaria vector control programs in the Americas rely heavily on pyrethroid insecticides, used mainly on 72 bednets or for indoor residual spraying (IRS) (15), thus increasing pyrethroid selection pressure on 73 Page 3 of 23 malaria vector populations. However, in this region, information on the underlying mechanisms of 74 pyrethroid resistance in malaria vectors is scarce. To elucidate these mechanisms of pyrethroid 75 resistance, especially from the perspective of the microbiota, the present study focuses on elucidating the 76 effects of pyrethroid exposure on the microbiota of An. albimanus from Guatemala. Our objectives were 77 to characterize and compare the composition of internal and cuticle surface bacteria between adult and 78 larval F1 progeny of field-collected mosquitoes that were either exposed (further classified as 79 pyrethroid-resistant or -susceptible), or not exposed to pyrethroid insecticides. In order to check for 80 spatial consistency, we tested F1 progeny originating from multiple locations. We discuss our findings 81 in light of the hypothesis that mosquito microbiota is impacted by insecticides, and contribute to the 82 detoxification of insecticides within the host. We also report the first comprehensive characterization of 83 An. albimanus larval microbiota, as well as the mosquito cuticle surface microbiota. 84 85 86
Materials and Methods

87
Mosquito collections and mass rearing 88 Gravid adult female An. albimanus were collected in and around four cattle corrals sampled in two 89 villages: El Terrero and Las Cruces, in La Gomera, Escuintla, Guatemala ( Fig. 1 hindtarsomere, were used for oviposition. Species identification was confirmed by PCR (as described 96 below) performed on a subsample of the F1 progeny. Oviposition was achieved using a previously 97 described method (17) with modifications. Briefly, ovipostion containers (ovipots) were created by 98 placing gravid females in 32 oz. paper soup containers (60±10 mosquitoes/container) containing 99 distilled water to a depth of 2-3 cm. Prior to the introduction of mosquitoes, the containers were covered 100 with netting, subsequently topped with cotton pads soaked in 10% sucrose solution, then covered with a 101 thick black plastic bag to trap in moisture and keep the containers dark. The ovipots were kept under 102 standard insectary conditions of 27±2℃, 80±10% relative humidity and a 12 h light-dark cycle for at 103 least 48 hours to allow for ovipostion, after which adults were removed and eggs collected. Under the 104 aforementioned conditions, immature mosquitoes were reared using distilled water, with F1 progeny of 105 parents from the same collection site grouped together and reared separately from those of parents from 106 other sites. Eggs from ovipots were washed into 18 x 14 x 3 inch plastic larval trays (150-200 eggs per 107 tray) containing distilled water to a depth of 2-3 cm, with 3-4 drops of 10% yeast solution. Hatched 108 larvae were fed finely ground Koi food (Foster & Smith, Inc. Rhinelander, WI) until pupation. 109 Approximately a quarter of the proportion of resulting third to fourth instar larvae (L3-L4) were 110 collected for insecticide resistance assays, and the remaining larvae were reared until the pupal stage. 111 With the aid of a stereo microscope, male and female pupae were separated into 8 oz. paper cups placed 112 in cardboard cages for adult emergence. Adult virgin females were provided 10% sucrose solution until 113 they were 2-5 days old and were then used for insecticide resistance assays.
115
Determination of pyrethroid resistance status in larval and adult F1 progeny of field-collected An. 116 albimanus 117 Three different pyrethroid insecticides were used for this study: alphacypermethrin, deltamethrin and 118 permethrin. Adult mosquitoes were tested for resistance to all three insecticides, while larvae were tested 119 Page 4 of 23 with only deltamethrin and permethrin ( Fig. 1 ). Prior to determining the pyrethroid resistance status of 120 the F1 L3-L4 larvae from field-caught mosquitoes, the diagnostic dose (a dose that kills 100% of 121 susceptible mosquitoes within a given time) and diagnostic time (the expected time to achieve 100% 122 mortality) (18) for each insecticide were determined (Suppl. 1A) using L3-L4 larvae from the 123 insecticide-susceptible An. albimanus Sanarate strain (19) . Insecticide resistance assays were performed 124 in the insectary under the aforementioned rearing conditions. For larvae, 100 ml of distilled water was 125 added to 150 ml glass beakers, followed by 1 ml of insecticide stock solution. Absolute ethanol without 126 added insecticide was added to the control beaker. The beakers were left to stand for 10-15 mins to 127 allow the solvent to evaporate. Subsequently, 15-20 L3-L4 larvae were added to each beaker, and 128 mortality scored at the end of the diagnostic time (Suppl. 1A). Larvae that were alive at the end of the 129 assays were classified as resistant, those that were dead or moribund were classified as susceptible, 130 while those that were used in the control beaker (all survived) were classified as non-exposed. For each 131 insecticide tested, three replicates of the assay were run, and resistant, susceptible, and non-exposed 132 samples from all replicates were pooled for further processing. 133 The adult insecticide resistance assays were performed on 2-5 day old non-blood fed virgin F1 females 134 using the CDC bottle bioassay method as previously described (18). Each insecticide was tested using 135 the recommended diagnostic dose and time (18) for Anopheles mosquitoes (Suppl. 1B), and at the end of 136 the assays, mosquitoes were classified as resistant, susceptible or non-exposed as above. For both larvae 137 and adults, resistant and non-exposed samples were euthanized by placing them in liquid nitrogen or at -138 80ºC. All samples were preserved in RNALater® (Applied Biosystems, Foster City, CA) and held in - with the internal and cuticle surface microbiota samples. All steps (as well as those described below) 171 were performed under sterile conditions. Genomic DNA was stored at -80ºC until further processing. All data analysis outputs were edited using Inkscape (32). The raw sequencing reads generated from this 302 project, including those from negative controls, have been deposited in the National Center for 303 Biotechnology Information (NCBI), Sequence Read Archive under the BioProject PRJNA512122. Irrespective of the type of pyrethroid exposure, comparisons of Bray-Curtis dissimilarity indices showed 341 significant differences in internal, but not cuticle surface, microbiota between pyrethroid-exposed and 342 non-exposed adults (Suppl. 6). In contrast, there was a significant difference in cuticle surface 343 microbiota between pyrethroid-exposed and non-exposed larvae, which was not evident in the internal 344 microbiota (Suppl. 6). In both adults and larvae, the internal and cuticle surface bacteria did not differ 345 between pyrethroid-resistant and susceptible mosquitoes (Suppl. 6). These results were consistent when 346 each type of insecticide tested was considered, except in the case of deltamethrin, where no difference in 347 Page 9 of 23 bacterial composition was detected between exposed and non-exposed mosquitoes (Suppl. 7). Also, 348 there were significant differences (q<0.02) in cuticle surface microbiota between alphacypermtherin-349 exposed and non-exposed adults (Suppl. 7). Bray-Curtis dissimilarity index comparisons further showed 350 significant differences in bacterial composition between adults and larvae (F=117.4, p=0.001), between 351 internal and cuticle surface microbiota in both larvae (F=39.9, p=0.001) and adult mosquitoes (F=38.7, 352 p=0.001), and between samples exposed to different pyrethroids (Suppl. 8), thus corroborating the 353 results of the linear regression analysis. 354 For each insecticide tested, and across all sampling locations, visualizations of Bray-Curtis diversity 355 distance matrices showed the microbiota of non-exposed mosquitoes clustering distinctly away from 356 those of pyrethroid-exposed mosquitoes, with a gradient separation between resistant and susceptible 357 mosquitoes. This clustering pattern was more evident for the internal microbiota of both adults (Fig. 2 ) 358 and larvae (Fig. 3 ) than for the cuticle surface microbiota. The relative abundance of bacterial taxa in both larvae (Fig. 5 ) and adults (Fig. 4) differed between 381 pyrethroid-resistant, -susceptible and non-exposed mosquitoes. This was consistent for each insecticide 382 tested, and across all study sites. We consequently used the linear discriminant analysis (LDA) effect 383 size (LEfSe) program (30) to identify bacterial genera that were consistently more abundant in resistant 384 samples-these are subsequently referred to as possible bacterial markers of pyrethroid resistance. 385 Klebsiella was consistently over five times (p=0.02) more abundant in the internal microbiota of 386 alphacypermethrin-resistant adults compared to -susceptible or non-exposed samples across the two 387 locations tested (Fig. 6A) . Similarly, Asaia (p=0.01) and Pantoea (p=0.03) were consistently over eight 388 times more abundant in the internal microbiota of permethrin-resistant adults compared to -susceptible 389 or non-exposed samples across all three locations tested (Fig. 6B ). However, no bacterial genera in the 390 internal microbiota of deltamethrin-resistant mosquitoes were more abundant than those of -susceptible 391 or non-exposed mosquitoes. Rather, in deltamethrin-susceptible adults, Chryseobacterium was over 392 five-fold more abundant when compared to resistant or non-exposed mosquitoes (Fig. 6C ).
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Consistent with the results of the alpha diversity comparisons which showed that neither exposure to nor 394 type of pyrethroid insecticide impacted bacterial abundance on the adult cuticle surface (Suppl. 8), no 395 bacterial genus was significantly more abundant on the cuticle surface of resistant adult mosquitoes 396 compared to susceptible or non-exposed mosquitoes, for any insecticide tested. Furthermore, for each 397 individual insecticide tested, bacterial genera from neither the internal nor cuticle surface microbiota of 398 resistant larvae were significantly more abundant than those of susceptible or non-exposed mosquitoes.
400
Discussion 401 With increasing evidence of microbiota-mediated insecticide resistance in insects, particularly in 402 agricultural pests (13), it is plausible that the mosquito microbiota could also contribute to the host's 403 insecticide detoxification processes. Building upon our earlier findings, which showed significant 404 differences in bacterial composition between insecticide-resistant and -susceptible Peruvian An. 405 albimanus (10), we characterized the microbiota of Guatemalan An. albimanus with differing pyrethroid 406 insecticide resistance profiles. We focused specifically on late instar larvae (L3-L4) and adult (non-407 blood-fed virgin females) F1 progeny of field-caught mosquitoes to obtain uniform physiological 408 profiles, while maintaining the genetic background of the field populations from where they were 409 collected. Our results showed that insecticide exposure, insecticide type, microbial niche (internal or 410 cuticle surface microbiota) and host developmental stage significantly impact An. albimanus microbiota. 411 We present the first description, to our knowledge, of the effects of pyrethroid insecticides on mosquito 412 microbiota, and the first description, of the microbiota of An. albimanus larvae. We also characterized 413 the microbiota on the mosquito cuticle surface for the first time. 414 Overall bacterial composition differed significantly between pyrethroid-exposed and non-exposed larvae 415 and adults. Considering that the cuticle surface is the first site of insecticide contact, we had anticipated insecticides were considered, the effects of insecticide exposure were generally consistent across 440 insecticides except for deltamethrin, where no significant effect of exposure was detected on either 441 internal or cuticle surface bacteria in both larvae and adults. Furthermore, in alphacypermethrin-exposed 442 adults, insecticide exposure significantly impacted both internal and cuticle surface bacterial 443 composition. The impact of exposure on the cuticle surface microbiota of alphacypermethrin-exposed 444 adults could indicate a more intense resistance to alphacypermethrin in this mosquito population 445 compared to other insecticides. Indeed, bioassays indicated a higher proportion of alphacypermethrin 446 resistance in this mosquito population compared to other insecticides (Suppl. 1C). 447 Congruent with the effects of insecticide type and insecticide exposure on the mosquito microbiota, we 448 identified consistently overabundant bacterial genera in the internal microbiota of resistant adult 449 mosquitoes. These were Klebsiella, Pantoea and Asia, and are considered as possible bacterial markers 450 of pyrethroid resistance in adult An. albimanus. Consistent with results from our previous study (10), 451 these bacterial genera were more abundant in the internal microbiota of insecticide-resistant compared to 452 -susceptible or non-exposed adult mosquitoes. In alphacypermethrin-exposed adults, across the two 453 locations tested, Klebsiella was over five-fold more abundant in resistant compared to susceptible or 454 non-exposed samples. It is well-established that bacteria belonging to the genera Klebsiella metabolize 455 insecticides (37, 38), including pyrethroids (9). In fact, a pyrethroid hydrolyzing esterase, EstP, has been 456 identified in Klebsiella, and its encoding gene has been characterized (9). Nonetheless, the role of 457 Klebsiella in pyrethroid metabolism in insect hosts remains to be functionally validated. In the internal 458 microbiota of permethrin-resistant adults, Pantoea and Asaia were over eight-fold more abundant in 459 contrast to the microbiota of susceptible or non-exposed mosquitoes. Unlike Klebsiella, limited 460 information is available about the role of Pantoea in metabolizing insecticides within insects, but our 461 previous identification of a higher proportion of this bacterial genera in insecticide resistant (compared 462 to susceptible) mosquitoes suggests that they could potentially be contributing to insecticide resistance 463 (10). Similarly little has been documented about insecticide metabolism in Asaia, but pyrethroid- 464 metabolizing enzymes have been shown to be preferentially produced in several primary detoxification 465 tissues in mosquitoes, including the midgut (35), where the majority of Asaia are known to reside (39). 466 One possibility is that when insecticides penetrate the midgut (and other internal tissues) they could be 467 metabolized by the resident microbes, including Asaia. As a paratransgenesis candidate (39), Asaia's 468 potential role in insecticide resistance should not be overlooked. In contrast however, no possible 469 bacterial markers were identified in either internal or cuticle surface larval microbiota, and a transient 470 larval microbiota (40, 41) could be one reason for this. 471 Insect internal microbiota have been shown to contribute to the metabolism of topically applied 472 insecticides, consequently contributing to host insecticide resistance (13). Our results show a significant 473 impact of pyrethroid exposure on the bacterial composition of mosquito microbiota, and we have also 474 identified significantly more abundant pyrethroid-metabolizing bacteria in resistant adults, consistently 475 across multiple locations. This indicates several events that may be occurring within the host, perhaps 476 simultaneously; whereby insecticide exposure influences the mosquito microbiota by selecting for 477 insecticide-metabolizing bacteria, and these bacteria contribute to insecticide detoxification within the 478 host, consequently contributing to the host's overall resistance to insecticides. The results presented 479 here, using adult F1 progeny from field-caught mosquitoes, along with those from our previous work on 480 field-caught adult mosquitoes (10), suggest that insecticide exposure could be selecting for insecticide-481 metabolizing bacteria. This may be particularly important with respect to insecticide resistance intensity. 482 Our previous findings showed significant differences in bacterial composition between mosquitoes that 483 were susceptible to the diagnostic dose of fenitrothion and those that were resistant to five times the 484 diagnostic dose (10). However, in the present study, we only considered mosquitoes that were 485 Page 12 of 23 susceptible or resistant to the diagnostic dose of the insecticides due to low insecticide resistance 486 intensity in the study area. Regardless, exposure to insecticides significantly impacted bacterial 487 composition, indicating that ongoing insecticide exposure could continue to select for insecticide-488 metabolizing bacteria. This could be of even greater relevance in areas where the intensity of resistance 489 is high. The underlying mechanisms of insecticide resistance intensity in mosquitoes are poorly 490 understood, and we propose that the metabolism of insecticides by host microbiota could be a 491 contributing factor. 492 While no bacterial markers of deltamethrin resistance were identified in the internal microbiota of adult 493 mosquitoes, Chryseobacterium-previously named Flavobacterium-was over five-fold more abundant 494 in susceptible, compared to resistant or non-exposed samples. Bacteria belonging to the genus 495 Chryseobacterium (Flavobacterium) have previously been identified in Anopheles mosquitoes, 496 including lab-reared An. albimanus (42), however their role in mosquito physiology has not been 497 described. 498 As has previously been shown (31), larval microbiota was more diverse than adult microbiota in this 499 study, and overall, the identified bacterial taxa have previously been identified in Anopheles mosquitoes 500 (12, 43), including Latin American Anopheles (10, 43). While we characterized the bacterial 501 composition of An. albimanus larvae for the first time in this study, our results included bacterial taxa 502 that have been identified in other Anopheles spp. larvae (31, 44). Unlike in humans where the skin 503 surface microbiota is well characterized, studies on insect cuticle surface is sparse. Human skin surface 504 comprise less diverse bacterial communities compared to the internal organs (collectively) (45). 505 Similarly, a survey of the cuticle surface microbiota of Canadian dark beetles revealed a more diverse 506 internal microbiota compared to the cuticle surface (46) . However, in this study, we report that in both 507 mosquito larvae and adults, the cuticle surface contains more diverse bacteria compared to the internal 508 microbial niche. Lower diversity of internal microbiota could indicate a conserved internal bacterial 509 community in mosquitoes, as have previously been reported, thus corroborating earlier reports of the 510 presence of an internally selective environment (31). While our data showed that the mosquito cuticle 511 surface harbors a more diverse bacterial community compared to the internal microbial niche, 85% and 512 43% of the bacterial taxa were shared by both internal and cuticle surface microbiota in larvae and 513 adults, respectively. This suggests that bacteria on the cuticle surface are not only incidentally acquired 514 from the host's environment. The relationship between bacterial composition of the mosquito cuticle 515 surface and the host environment remains poorly understood, and it remains unknown how the cuticle 516 surface microbiota may contribute to the host's physiological processes. 517 We also report the detection of Asaia in An. albimanus for the first time, and showed that it dominated 518 (>70%) the adult internal and cuticle surface microbiota. While laboratory raised Anopheles mosquitoes 519 have been shown to predominantly harbor Asaia (39), studies identifying Asaia in field-collected 520 Anopheles mosquitoes have commonly been qualitative (47, 48), with sparse documentation of variable 521 Asaia abundance. Asaia was also present in larval microbiota, albeit in negligible proportions (0.02%), 522 (noting that the larvae tested were from the same parents and generation as the adults tested). Thus, 523 supporting the notion that while the microbiota may be transient in immature mosquito stages due to 524 multiple molting events, rapid development and physiological changes (41), some bacteria can be 525 transstadially transmitted to the adult stage (7). Furthermore, the predominance of Asaia in adults 526 despite their negligible proportions in larvae is strongly indicative of Asaia's ability to quickly and 527 efficiently colonize and dominate the microbiota of adult Anopheles mosquitoes (39), thus resulting in 528 its consideration as a paratransgenesis candidate for malaria control (49). Moreover, since we used non-529 blood fed virgin adult females in this study, the overabundance of Asaia in adults (which may also have 530 Page 13 of 23 been acquired independently of the larval stage) could be an indicator of the host's age and/or feeding 531 status. This is because mosquito age and feeding status are known to impact bacterial composition (50), 532 and Asaia is a known component of sugar sources (51). Our sequencing approach deeply sampled the 533 mosquito microbiota, as indicated by the plateaued rarefaction curves (Suppl. 4), thus identifying 534 bacterial taxa in each sample beyond the point at which further sequencing had no impact on the 535 abundance of detected bacterial communities. The disparity detected in abundance of Asaia between 536 larvae and adults is thus biologically relevant and not a sequencing artifact. While a few studies have 537 shown that the mosquito microbiota varies across host's developmental stages (31, 40), more work is 538 still needed to understand when and how the mosquito microbiota changes throughout host 539 development, and how these changes might affect host physiology with regard to insecticide resistance 540 and other key characteristics, such as vector competence. 541 The results presented here highlight differential effects of insecticide exposure on the mosquito 542 microbiota across mosquito developmental stages and insecticide types, and indicate the presence of a 543 conserved microbiota-particularly within adult mosquitoes-that is altered by insecticide exposure. 544 These results also identify overabundant insecticide-metabolizing bacteria in pyrethroid resistant 545 mosquitoes that could be possible markers of resistance in field populations of An. albimanus. Together 546 these findings indicate insecticide selection pressures on mosquito microbiota, and support the 547 hypothesis of a microbe-mediated mechanism of insecticide metabolism in mosquitoes. Focusing on the 548 potential bacterial markers identified in the current study, future work will characterize specific bacterial 549 components that are being affected by pyrethroid exposure and/or contributing to resistance in mosquito 550 populations. 551 552 553
